Mineralogic features attributed to impact-induced shock metamorphism are commonly observed in meteorites and terrestrial impact craters. Partly because the duration of shock metamorphism is very short, constraining the timing and temperature of shock events has been problematic. We measured (U-Th)/He ages of single grains of merrillite and chlorapatite from the Martian meteorite Los Angeles (LA). Merrillite and chlorapatite ages cluster at 3.28 ؎ 0.15 Ma (2) and 2.18 ؎ 0.19 (2) Ma, respectively. The mean age of the merrillites, which are larger than chlorapatites, is indistinguishable from cosmic-ray exposure ages (3.1 ؎ 0.2 Ma), suggesting that impact-induced shock metamorphism was coeval with ejection of the LA precursor from Mars. To constrain the initial temperature of shock metamorphism in the LA precursor body, we modeled diffusive loss of He from merrillite as a function of diffusion domain size, LA precursor body size, and ablation depth. From these calculations, we suggest that the metamorphic temperature of the shock event was higher than 450 ؇C. These results support the idea that shock pressures of the Martian meteorite Shergotty were higher than 45 GPa, as inferred from the presence of post-stishovite SiO 2 polymorphs. Single-grain (U-Th)/He dating of phosphates may provide unique constraints on the timing and pressure-temperature dynamics of shock metamorphism in a wide variety of extraterrestrial materials.
INTRODUCTION
Impact processes among planets or asteroids play a key role in solar system dynamics, changing original morphologies of parent bodies and sometimes creating new satellites (e.g., formation of the Moon). Understanding impact processes is also important for investigating hypothesized biological interactions between Earth and other planets such as Mars, because extreme conditions of impact-induced shock metamorphism may have obliterated biological entities or their signatures. Many meteorites bear evidence of shock metamorphic effects resulting from at least one impact event, providing valuable information on the dynamics of impact processes that are useful for addressing these and other issues.
The differentiated shergottite meteorite Los Angeles (LA) has a basaltic composition and comprises mainly maskelynite (shock-induced glass with plagioclase composition), pyroxene, SiO 2 , fayalite, felsic glass, sulfide, irontitanium oxides, and phosphates (merrillites and chlorapatites) . The Sm/Nd and Rb/Sr isotopic data suggest a crystallization age of ca. 175 Ma , but the timing of the impact event that led to the meteorite's ejection from Mars is only indirectly constrained by cosmic exposure ages from several different systems that yield ages ranging from 1.9 Ma (Garrison and Bogard, 2000) to 3.1 Ma Terribilini et al., 2000) , with a preferred age of 3.1 Ϯ 0.2 Ma . To better estimate the timing of impactinduced shock metamorphism and compare its age with that of cosmic exposure, we applied the low-temperature (U-Th)/He thermochronometer to phosphates from LA.
In addition to cooling ages, thermochronometry can also constrain metamorphic thermal histories. The 40 Ar/ 39 Ar thermochronometry has been widely applied to meteorites and lunar samples for this purpose. Bogard and Hirsch (1980) documented correlations between 40 Ar/ 39 Ar ages and the intensity of shock metamorphism in several chondrites, suggesting that 40 Ar/ 39 Ar systems are at least partially influenced by shock events. They also deduced postshock cooling rates based on age spectra and diffusion experiments. Using Bogard and Garrison's (1999) 40 Ar/ 39 Ar data from Martian meteorite ALH84001, Weiss et al. (2002) inferred a maximum temperature Ͻ350 ЊC for the metamorphism thought to have occurred ca. 15 Ma. Compared with 40 Ar/ 39 Ar, (U-Th)/He dating has only rarely been applied to meteorites (Paneth et al., 1930 (Paneth et al., , 1952 Arrol et al., 1942; Heymann, 1967; summarized in Wasson and Wang, 1991; Min et al., 2003) . The unique lowtemperature thermal sensitivity of the phosphate (U-Th)/He system may provide more detailed constraints on relatively low temperature and short duration shock episodes. In particular, (U-Th)/He dating may be useful for this purpose because: (1) U-and Th-rich minerals (e.g., phosphates) are common in many meteorites, (2) He diffusion in apatites is well characterized and sensitive to temperatures and durations previously inferred for shock events, and (3) the accessible age range of the method spans from at least the beginning of the solar system (ca. 4.5 Ga: Min et al., 2003) to relatively modern human history (ca. AD 79: Aciego et al., 2003) . We applied single-grain (U-Th)/He dating to merrillites and chlorapatites in LA to better understand several aspects of impact processes, particularly timing and temperature conditions of the shock metamorphism. Basic pet- ·m.y.
Ϫ1
: , (2) rographic and oxygen isotope studies of LA phosphates (Greenwood et al., 2003) provided the petrographic basis for this study.
(U-Th)/He AGES
Nine merrillite grains ϳ100 m in average size yielded ages in the range of 2.36 to 32.4 Ma (Table 1) (analytical details are available in the GSA Data Repository 1 ). Five ages are clustered between 3.10 Ma and 3.34 Ma, giving a weighted mean age of 3.28 Ϯ 0.15 (2) Ma. Seven chlorapatite ages range from 1.70 Ma to 5.62 Ma; three of seven grains produced more clustered ages between 2.08 Ma and 2.43 Ma, with a weighted mean age of 2.18 Ϯ 0.19 (2) Ma. The merrillite ages are generally older than the chlorapatite ages, probably due to the larger size of the merrillite grains (our observation; Greenwood et al., 2003) , and resulting smaller fraction of 4 He lost by postcooling ␣ ejection (and possibly diffusion, in the case of partial resetting). The two old merrillite ages (10.1 Ma and 32.4 Ma) may be from the interior portions of unusually large grains (cf. Fig. 1 of Greenwood et al., 2003) with effectively large diffusion domain size (backscattered electron [BSE] images of phosphates are available in Fig. DR1a ; see footnote 1), as discussed here.
In most cases the analyzed merrillite samples were fragments of originally larger, anhedral crystals ( Fig. DR1 ; see footnote 1). If the fragments were originally located Ͼϳ20 m from grain boundaries, and intragranular U and Th zonation was not strong, then the net recoil He loss from these fragments would be zero. Even if the analyzed grain included an original grain boundary, such as one plane of an idealized cubic fragment with edge length of 100 m, ␣ recoil loss would be ϳ4% of the total 4 He, corresponding to ␣ retentivity (F T ) of 0.96. Furthermore, many of the analyzed merrillite fragments had U-and Th-poor phases such as pyroxene and maskelynite on their exteriors, so some proportion of ␣ was likely preserved in these adjacent phase(s). For the phosphate fragment considered here, a neighboring U-and Th-poor phase only 10 m thick would increase F T to 0.99. Because these calculated F T factors are close to 1, the uncorrected ages are likely close to the true ages. Two merrillite samples (LA1IIF18, LA1IIF12), however, yielded exceptionally young ages, probably because the original grains were smaller, thus causing more recoil loss of 4 He, than the other grains.
The mean age of the five merrillite grains (3.28 Ϯ 0.15 Ma) is indistinguishable from the cosmic ray exposure age (3.1 Ϯ 0.2 Ma) and consistent with (1) a short duration of time between shock metamorphism and ejection of the LA precursor from Mars, and (2) the previous suggestions that the impact event caused ejection of the body from Mars . The results also imply that LA had not been exposed to cosmic rays on the Martian surface or at shallow depths before ejection, like other shergottites , because prolonged exposure on Mars would have yielded metamorphic ages younger than cosmic-ray exposure ages.
PEAK TEMPERATURE OF SHOCK METAMORPHISM
The simplest interpretation of the abundant ca. 3 Ma He ages is that they represent virtually complete resetting of the phosphate (UTh)/He systems from a much older preimpact age (ca. 175 Ma, if the target rock resided near the Martian surface at relatively low temperatures after crystallization). Thus, assuming diffusion characteristics of He in the phosphates and other assumptions related to the impact event and the LA precursor body, we can constrain the minimum peak metamorphic temperature of the shock metamorphism. In this model we assume that the entire (spherical) precursor body reached a peak metamorphic temperature (T i ) instantaneously and homogeneously, and then cooled conductively to an ambient surface temperature of Ϫ70 ЊC (the equilibrium temperature of light-colored chondrites at Mars' distance from the Sun: Butler, 1966). We assumed a thermal diffusivity of 0.01 cm 2 /s, typical of terrestrial basaltic rocks. Because no data are available for He diffusion in merrillites, we used diffusion properties of terrestrial apatites (E a ϭ 33 kcal/ mol and log D 0 ϭ 1.5 cm 2 /s: , based on the similar chemistry of the two phases and other lines of evidence (see footnote 1). Using these assumptions and Crank's (1975) conductive cooling model, the temperature with time (T t ) is expressed as a function of the initial metamorphic temperature of the precursor body (T i ), radius of the precursor body (R), and location within the parent body, i.e., distance from the surface of the precursor body (d) (further constraints on the variables are available; see footnote 1).
Assuming a ca. 3 Ma shock metamorphic age, most of the analyzed merrillite grains (seven of nine grains) were almost completely degassed (i.e., 4 He fractional loss [f] ϳ 1). We used volume diffusion to obtain the relationships among T i , R, and f (Fig. 1) . Both numerical methods (equation 8.38 and 8.39 of Crank, 1975) and the method of gave consistent results for the overall calculation of f. For high f region (f Ͼ 0.9), f values become less dependent on R, and all the curves are essentially identical for R Ͼ50 cm. Regardless of the radius of the body (R) and the diffusion domain radius (a), f curves reach 0.99 for an initial temperature (T i ) of ϳ480 ЊC. For a small diffusion domain radius (40 m), f becomes Ͼ0.99 at 450 ЊC, suggesting that T i was likely in excess of 450 ЊC to be consistent with the observed He contents in the merrillite grains. Also, because He diffusion in merrillite may be slightly slower (at a given temperature) than in apatite (see footnote 1), the calculated initial metamorphic temperatures (T i ) based on apatite diffusion parameters are likely to be minimum estimates.
We suggest that the two grains with older ages (10.1 Ma and 32.4 Ma) may be from the interior 100 m of relatively large grains with sufficiently large diffusion domains to avoid complete degassing during shock metamorphism. By examining ϳ20 merrillite grains in BSE images, we found a few grains with fracture-free minimum dimensions as large as ϳ200 m (Fig DR1a; see footnote 1 ) that could represent diffusion domain length scales (i.e., diameters) of this size, assuming the fractures formed before or during shock metamorphism. If we assume that (1) 4 He diffusion in merrillites is the same as in terrestrial apatites, and (2) the two old samples are from central regions of large grains with diffusion domains of 100 m radius, we calculate T i of ϳ480-500 ЊC to explain the 4 He loss observed in LA1IIF36 (83%) and LA1IIF33 (96%) (Fig. 2) . These estimates are, however, subject to large uncertainty because (1) if the He diffusion in merrillite is significantly slower than in apatite, T i could be considerably higher; and (2) if the two old samples are not from the central regions but from marginal parts of large grains, true T i would be lower than the estimates. Nevertheless, we consider the minimum T i of 450 ЊC a robust estimate.
The common way of deducing shock temperature is by adding an experimentally determined temperature increase (Wackerle, 1962; Ahrens et al., 1969; Raikes and Ahrens, 1979) to an assumed ambient temperature of the parent body (summarized in Stöffler et al., 1991) . This approach is useful in obtaining relative temperature change before and after the shock events, but does not provide a reliable absolute temperature of shock metamorphism for meteorites from parent bodies whose ambient temperature fluctuations are significant or not well constrained. Also, this method is based on calibration between shock pressure and temperature, so precise pressure estimates are necessary for temperature estimates, but large discrepancies exist in shock pressure estimates for meteorites. Shock pressures are inferred by comparing observed shock features in meteorites with results obtained from shock recovery experiments (summarized in Stöffler et al., 1988) . Based on mechanical deformation and experimental phase transformations, Stöffler et al. (1986) suggested shock pressures of ϳ29-43 GPa for most Martian meteorites. However, Sharp et al. (1999) and El Goresy et al. (2000) found post-stishovite SiO 2 polymorphs in Shergotty and inferred pressures Ͼϳ45 GPa, compared with Stöffler et al.'s (1986) estimate of 29 Ϯ 1 GPa. Large discrepancies also exist for other Martian meteorites, and accurate pressure estimates are still subject to debate (Stöffler, 2000; Chen and El Goresy, 2000) .
For LA, suggested shock pressure-temperature conditions of 35-40 GPa and 350-450 ЊC based on Stöffler et al.'s (1988) calibration, but these could be minimum estimates in light of the discrepancy discussed here. We suggest minimum T i of 450 ЊC, which is significantly higher than previous estimates of 280-380 ЊC. These lower temperature estimates represent the sum of the temperature increase during shock metamorphism (350-450 ЊC: ) and the average surface temperature on Mars (Ϫ70 ЊC: Cattermole, 2001). Such low shock metamorphic temperatures (e.g., 330 ЊC) would fail to completely reset the phosphate (U-Th)/He system even if diffusion domain sizes were unrealistically small (ϳ10 m). Our new estimates of shock metamorphic temperature combined with Stöffler et al.'s (1991) shock pressure vs. temperature increase relationship suggest a metamorphic pressure of Ͼϳ45 GPa, which is consistent with the observations of Sharp et al. (1999) and El Goresy et al. (2000) .
Several different scenarios of impact and ejection histories were deduced for earthbound Martian meteorites based on exposure ages, radiometric ages, and petrologic data . According to Eugster et al. (1997) , five or six different Martian impacts can be assigned to explain the observed data. , however, suggested fewer impact events because the multiple impacts on localities having the similar petrologic features and radiometric ages are not very likely. The number of impact events and source regions of the meteorites are still under debate mainly because of (1) the difficulties in distinguishing ejection processes from breakup of already ejected meteoroids, and (2) the large uncertainties related to the production rates of cosmogenic isotopes . The (U-Th)/He thermochronometry may solve these problems because it can (1) more directly date shock associated with impact events, and (2) distinguish the two processes (impact and breakup), which require different temperature conditions.
CONCLUSIONS
Most single-grain merrillite (U-Th)/He ages in the LA meteorite are 3.28 Ϯ 0.15 Ma, which we interpret as the timing of the impact-induced shock metamorphism. These ages are indistinguishable from cosmic ray exposure ages (3.1 Ϯ 0.2 Ma), confirming previous suggestions that the impact event that produced the shock metamorphism also caused the ejection of the LA meteorite from Mars. The essentially complete resetting of phosphate (U-Th)/He ages in LA suggests a peak shock metamorphic temperature at least as high as 450 ЊC, significantly higher than previous estimates. The ability to constrain timing and temperatures of shock metamorphism by (U-Th)/He thermochronology provides the potential to relate impact, metamorphism, and ejection processes in a wide range of extraterrestrial bodies.
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ANALYTICAL PROCEDURES
Approximately 262 mg of LA meteorite was hand crushed, sieved and separated by standard heavy liquids procedures. Splits of the heavy-mineral fraction were mounted on double-sided carbon tape and individual phosphate grains were identified using a JEOL JXA-8600 electron microprobe (EPM), through qualitative energy dispersive spectrometry (EDS) and back-scattered electron (BSE) imaging. Merrillite and chlorapatite were distinguished by contrasting Cl and Fe concentrations. Approximately 20 phosphate grains without visible cracks were identified by this method and subsequently retrieved; several of them had small amounts of other mineral phases (mainly pyroxene and maskelynite) inside and outside of the grains. Retrieved grains were rinsed with alcohol and acetone, and individually wrapped in Pt tubes for (U-Th)/He dating. All other procedures are standard for Nd:YAG laser heating of single crystals in Pt tubes, analyses by Quadrupole mass spectrometer, in-packet HNO 3 dissolution and isotope dilution by sector ICP-MS as described in . The small size, low U-Th, and young ages of these samples required careful monitoring of U, Th, and He blanks, which averaged 0.5 pg, 0.8 pg, and 0.05 fmol, respectively. Only samples with U and Th contents > 6 times higher than blank are included here. Most of these samples also yielded 4 He contents > 6 times blank, although three merrillites and four chlorapatites contained 2-5 times the 4 He blank (Table 1) . Corrections for cosmogenic 4 He were made on the age calculations. Cosmogenic 4 He contents were estimated as cosmogenic 4 He = production rate × exposure age × sample mass. We assumed a 4 He production rate of 8.05 × 10 -8 cc/g-Ma and an exposure age of 3.1 Ma . Because of the small sample masses (< 5 µg), it was difficult to measure the masses with high precision and accuracy. Thus we weighed several relatively large grains of merrillite (LA1IIE35: 5 µg) and chlorapatite (LA1IIE51: 3 µg) using a microbalance, and calculated the masses of other grains by assuming identical Th and U concentrations. The inferred cosmogenic components in merrillites and chlorapatites are ca. 0.6-7.1 % and 2.9-14 %, respectively, of the total 4 He measurements (Table 1 ). The uncertainties in the cosmogenic 4 He estimates are probably ~50 %, but were not propagated into the age errors.
(insert Figure DR-1 here) 
CONSTRAINTS ON THE VARIABLES AND DIFFUSION MODELS
The two variables R (radius of the LA precursor) and d (distance from the surface of the LA precursor) were deduced from previous studies on cosmogenic isotopes and particle tracks. The minimum value for R was estimated as 26 cm based on Kr isotope compositions (Eugster et al., 2002) . The ablation depth, or the thickness of the part removed during the meteorites' journey from ejection to the present, was estimated for LA as ~10-20 cm in a 30-40 cm meteoroid based on the DR2004111 calibration with cosmic ray track densities (Bhattacharya et al., 1973) . The calculated ablation depth may be slightly less for a larger parent body, but the estimates are well within the stated range even for a very large (1000 cm in radius) body. This estimated ablation depth is apparently greater than that of other shergottites (1-2 cm: . The d in the LA precursor body is (ablation depth + distance from the surface of the present LA). The average distance of the sample from the present LA surface is about 1 cm, thus d is estimated as 1 cm + 15 cm (average ablation depth) = 16 cm. Based on this information, we used R and d values of 30~40 cm and 16 cm, respectively, for the calculation. The cooling paths are calculated for different T i and R values (Fig. 1) . The He concentrations at the grain boundaries and cracks on the phosphates are assumed to be 0 (complete sink of He). After the conductive cooling to -70ºC, the LA precursor body was assumed to have never been above 0ºC until it entered the Earth's atmosphere. The heat generated by atmospheric friction and the Earth's ambient temperature may have caused negligible He diffusion in the LA phosphates.
Because there are no published estimates of He diffusion characteristics in merrillite, and 4 He contents in these samples are too low for 4 He diffusion experiments, here we assumed He diffusion properties for merrillite are the same as those for terrestrial apatite (E a = 33 kcal/mol and log D 0 = 1.5 cm 2 /sec: . The similarity of He diffusion properties in these two phases is indirectly supported by the systematic relationships between He diffusion and fission track annealing kinetics in several minerals. For typical crystal sizes and a cooling rate of ~10ºC/Ma, He closure temperatures are ~70ºC in apatite , and ~180-200 ºC titanite and zircon (Reiners and Farley, 1999; Reiners et al., 2004) . Temperatures of fission-track partial annealing show a similar trend in these phases: apatite (60-120 ºC: Green et al., 1989; Corrigan, 1993 ) < titanite (200-280 ºC: Harrison et al., 1979 ) ≈ zircon (230-310 ºC: Tagami & Dumitru, 1996; Hasebe et al., 2003) . The retention temperatures (temperatures at which 50% of fission tracks are retained) in extraterrestrial apatites are estimated as 81 ± 20 ºC (Mold et al., 1984; recalculated in Pellas et al., 1997) or 97 ± 20 ºC (Pellas & Perron, 1984) for a cooling rate of ~1-2 ºC/Ma. Merrillite's retention temperature is estimated to be 115 ± 25 ºC (Mold et al., 1984; recalculated in Pellas et al., 1997) , slightly higher than that of apatite. If the He diffusion and fission track annealing in merrillites also follow the general trend found in the terrestrial apatite, titanite and zircon, the He closure temperature of merrillite is expected to be similar to but slightly higher than that of apatite. Therefore, the initial metamorphic temperatures (T i ) based on apatite's diffusion properties need to be considered as minima.
We estimated a diffusion domain radius a, of 50 µm, based on the ~100 µm size of most merrillite grains we analyzed, as well as from the BSE images of in-situ grains in LA (Fig. DR-1) . Although in thin-section, merrillites and chlorapatites are typically larger than this, in most cases they contain abundant cracks, possibly impact-induced, thus diffusion domains are likely to be smaller than the originally continuous crystal sizes. BSE images suggest that the typical distance between detectable textural discontinuities is ~100 µm for reasonably large grains, which are more likely to be selected for analysis (grains significantly smaller than this or with obvious cracks in EPM images were not selected for analysis).
Apatites were not used for the thermal modeling mainly because (1) the apatites' diffusion domains are smaller than those of the merrillites, and (2) He diffusion in apatites is expected to be faster than in merrillites, thus the calculated minimum metamorphic temperatures would be even lower than those obtained from merrillites.
